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Abstract

To study the autonomous walking performance and corresponding electromechanical char-

acteristics of unmanned mining equipment under different slopes, turning radii, and ground

conditions. Firstly, the autonomous walking systems based on PID, fuzzy PID, and BP PID,

in this paper, are constructed, and then the electromechanical coupling simulation is carried

out to analyse autonomous walking performance and electromechanical characteristics of

mining double-track chassis under different working conditions. Finally, the feasibility of the

autonomous walking system based on fuzzy PID is verified by the path-tracking experiment.

The results show that the autonomous walking performance of the autonomous walking sys-

tem based on the fuzzy PID is the best. Under the soft ground, the current, voltage, and load

torque are all increased to varying degrees due to the sinking phenomenon of the crawler,

but the driving speed is reduced, and when mining double-track chassis makes large-radius

turns, the autonomous walking system based on the BP PID can also be given priority with a

path deviation within 0.1 m.

Introduction

With the continuous development of automation technology and the constant increase in

demand for mineral resources [1, 2], unmanned mining equipment (UME) has become a new

development direction in the mining field. Autonomous walking performance and electrome-

chanical characteristics as the key performance of UME will directly affect its operational reli-

ability. The electromechanical characteristics described here mean that the operating process

of the UME is essentially a process of interactive coupling between the mechanical and electri-

cal systems. In this process, the voltage and current of the electrical system, the load torque

and the driving speed of the mechanical system are the key electromechanical characteristics.

He et al. [3] presented a two-layer controller for accurate and robust lateral path tracking

control of highly automated vehicles, which is based on a linear time-varying model predictive

control (MPC) and a radial basis function neural network proportion-integral-derivative
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(PID). The results showed that the proposed controller could achieve a good level of path track-

ing accuracy. Tian et al. [4] proposed a hierarchical adaptive control framework based on MPC

and PID. The results showed that the proposed hierarchical adaptive control framework can

enhance roll stability for intelligent heavy vehicles. The path-following problem of an

unmanned surface vehicle with unknown dynamics and unmeasured velocities is addressed by

Qu et al. [5]. They proposed a heading-surge guidance scheme based on the traditional light-of-

sight guidance. For a six-degrees-of-freedom underactuated underwater vehicle, Yu et al. [6]

proposed an improved three-dimensional line-of-sight guidance law in the kinematic layer.

Precup et al. [7] proposed two applications of Grey Wolf Optimizer algorithms to a path

planning problem and a Proportional-Integral-fuzzy controller tuning problem. To address a

path following the problem of Wave Glider along a predefined path in the horizontal plane,

Wang et al. [8] developed a fuzzy adaptive PID controller. Besides, for the difficulty of model-

ling and control of four-wheel electric vehicles, Dogan et al. [9] introduced a robust and adap-

tive position control based on Proportional-Integral control. Shi et al. [10] proposed a path

tracking controller that can handle discontinuous trajectories and sudden orientation changes

for hTetro. When the model contains important uncertainties, Salt et al. [11] used model-

based dual-rate (MBDR) control for UGV path tracking. The results showed that MBDR out-

performed Dual-rate inferential control. Rayguru et al. [12] developed a robust-observer based

sliding mode controller to fulfill the motion control task in the presence of incomplete state

measurements and sensor inaccuracies for cleaning robots, and the controller is successfully

validated through numerical simulations. Finally, Rao et al. [13] used image processing tech-

nology for path tracking of smart cars. The results showed that the control methods were feasi-

ble and improved the real-time and stability of the control.

It can be seen that the current research mainly focuses on underwater robots [14], cleaning

robots [12], and four-wheel electric vehicles [9], etc. However, there are few studies on path

tracking methods of UME. The typical characteristics of UME are large volume and large iner-

tia, and the walking chassis is mostly crawler, so its movement flexibility is low and autono-

mous walking is difficult. Secondly, because PID is capable of stabilizing complex systems and

has gained wide acceptance due to their advantages of simple structure, ease of design, and low

cost in implementation [15, 16]. The real-time and robustness of fuzzy control are very good.

BP neural network is a multi-layer feedforward network trained by error back propagation.

Gradient search technology is used to minimize the error mean square error between the

actual output value and the expected output value of the network [17]. Therefore, the corre-

sponding autonomous walking systems are designed based on these three algorithms. Finally,

there is little attention to the electromechanical characteristics of autonomous walking pro-

cesses, which have an important influence on path tracking dynamic performance, resulting in

large fluctuations in the initial tracking of mining equipment [18, 19].

Therefore, the UME autonomous walking systems based on PID, Fuzzy PID, and BP PID

are first introduced in this article, and then the electromechanical coupling simulation is car-

ried out to compare the autonomous walking performance and electromechanical characteris-

tics of mining double-track chassis under different working conditions. On this basis, the

tracking effect of the autonomous walking system based on fuzzy PID is verified through

actual experiment.

Materials and method

Double-track chassis

At present, mining equipment such as electric shovels, excavators, and bulldozers are mainly

driven by mining double-track chassis [20–22]. During the autonomous walking process, the
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operating state of the UME is mainly controlled by adjusting the speed of the crawler drive

motors on both sides. Therefore, this paper takes the mining double-track chassis (DTC) as

the UME dynamic model. As shown in Fig 1(A), the DTC mainly includes tracks, guide

wheels, driving wheels, and asynchronous motors. During the traveling of the DTC, the asyn-

chronous motor transmits power to the driving wheels through the reducer, and the driving

wheels drive the corresponding crawlers to produce winding motion, thereby realizing the

Fig 1. (a) Schematic diagram of mining double-track chassis. (b) Autonomous walking system. (c) Schematic diagram of fuzzy PID controller. (d) Schematic

diagram of BP PID controller. (e) Slope preset trajectory. (f) Turn preset trajectory.

https://doi.org/10.1371/journal.pone.0312096.g001
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operation of the DTC. The corresponding structural parameters and physical parameters are

listed in S1 Table of S1 File.

Autonomous walking system

The autonomous walking system described in this article mainly includes DTC, asynchronous

motor, frequency converter, and controller, as shown in Fig 1(B). The function of DTC is to

transmit the desired position r(t) and actual position c(t) information to the controller, at the

same time, transmit the load torques (TL(t), TR(t)) to the asynchronous motor. The controller

obtains the path deviation according to the input information and then transmits the control

information (uL(t), uR(t)) to the frequency converter according to the control law. The func-

tion of the frequency converter is to convert the control signal into the power supply frequency

(fL, fR) of the asynchronous motor and transmit them to the asynchronous motor based on the

V/f control principle. The function of the asynchronous motor is to calculate the expected

speeds (ωL(t), ωR(t)) based on the obtained load torque and power supply frequency and trans-

mit the speeds to DTC.

Fuzzy PID controller. The PID control algorithm calculates the control amount of the

path deviation e(t) through proportional, integral, and differential modules. Its corresponding

control functions are mainly as follows: (1) The proportional module adjusts the input and

output of the controlled system in proportion to make the trajectory deviation show a steady

trend; (2) Integral module is mainly used to eliminate the steady-state error; (3) Due to the

inertia of the controlled system and the lag of the control system signal acquisition, the con-

troller needs to have a certain “forward-looking”, the differential module can predict the trend

of the path deviation and react in advance. The corresponding control law can be expressed as

Eq (1), according to literatures [16, 23, 24], the values of proportional coefficient KP, integral

coefficient Ki, and differential coefficient Kd are 100, 0.05, and 200 respectively.

uðtÞ ¼ KpeðtÞ þ Ki

Z t

0

eðtÞdt þ Kd
_eðtÞ ð1Þ

Fuzzy PID control is a control method produced by the fusion between PID control and

fuzzy control. Its control principle is shown in Fig 1(C). The path deviation e(t) and its

change ec(t) are used as the input signal of the fuzzy PID controller, the proportional coeffi-

cient KP, integral coefficient Ki and differential coefficient Kd is adjusted by fuzzy inference.

The defuzzification method is the centroid. Compared with PID control, it is more robust

and suitable for complex nonlinear time-varying systems. The ranges of e(t) and ec(t) are

determined based on actual condition of DTC, whose ranges are respectively [–350, 350]

mm and [–30, 30] mm/s. The corresponding membership function is shown in S1(a) and S1

(b) Fig of S2 File.

The ranges of KP, Ki, and Kd are determined based on the comparative tuning method,

whose ranges are respectively [90, 130], [0, 0.4], and [100, 180]. The corresponding member-

ship function is shown in S1(c)-S1(e) Fig of S2 File. The fuzzy rule for the fuzzy PID controller

is designed based on the previous description and simulation tests, listed in S2 Table of S1 File.

BP PID controller. BP PID controller includes a BP neural network and the PID algo-

rithm. As shown in Fig 1(D), BP neural network is used to adjust KP, Ki, and Kd in real-time

and transmit them to the PID algorithm. In this paper, the BP neural network is a typical neu-

ral network structure that includes an input layer, a hidden layer, and an output layer [25].

Here, the ranges of KP, Ki, and Kd are determined based on simulation tests, whose ranges are

respectively [0, 120], [0, 0.05], and [0, 100]. The activation functions of the hidden layer and

the output layer are f1(ui(t)) and f2(uo(t)), respectively, and the corresponding formulas are as
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follows:

f1ðuiðtÞÞ ¼
euiðtÞ � e� uiðtÞ

euiðtÞ þ e� uiðtÞ

f2ðuoðtÞÞ ¼
euoðtÞ

euoðtÞ þ e� uoðtÞ

ð2Þ

8
>><

>>:

Where, ui(t)—inputs of the hidden layer, uo(t)—inputs of the output layer.

Ground simulation setting

This paper focuses on the study of the path tracking performance of the path tracking system

and the electromechanical characteristics of the DTC under different slopes and different turn-

ing radii. Meanwhile, the ground type is set to the hard road surface and dry sand soft road

surface. The hard ground can’t cause crawler sinkage, but the crawler sinkage occurs on the

soft one. The common point of the two is that they can reflect the slippage and slippage of the

crawler. For hard ground, the contact force between the track and the ground can be expressed

as Eq (3).

Fn ¼ kdm1 þ c*e j _d j
m2

d
m3

Ff ¼ � signðvÞFnmd

ð3Þ

(

Where, Fn—contact normal force, Ff—friction force, k—stiffness, c—damping coefficient, δ -

penetration, _d - time differentiation of the penetration, μd - dynamic friction coefficient, * e -

unit direction vector of _d. sign(v) - symbolic function of running speed (v), m1, m2—non-lin-

ear contact force exponents, m3—indentation damping effect exponent.

For soft ground, according to Bekker’s theory [26], the contact force between track and

ground can be expressed as Eq (4). The corresponding ground parameters are listed in S1

Table of S1 File.

p ¼ ðkc=bþ k�Þzn

t ¼ ðC þ ptan�Þð1 � e� j=KÞ
ð4Þ

(

Where, p—pressure, τ—shear stress, b—width of contact area, kc—cohesive deformation mod-

ulus, kφ—friction deformation modulus, z—sinkage, n—soil deformation index, C—cohesion,

φ—angle of internal shearing resistance of the terrain, j—shear displacement, K—shear defor-

mation modulus.

Simulation under different slopes

In view of the fact that in the actual work process of UME, the working environment is uneven

and there is a climbing phenomenon, but the slope should not be too large. Because the large

slope can easily cause the UME to roll over. For the large UME, even a small slope can cause a

big change in its path tracking performance. At the same time, the corresponding electrome-

chanical characteristics are also changed. Therefore, this section sets the slope θ to 0˚, 5˚, and

10˚, as shown in Fig 1(E). The red line ABC is the preset trajectory, AB is a straight line seg-

ment, the length L is 32 m, BC is a 1/4 arc, and the radius R is 10 m. The starting point is point

A, and the endpoint is point C. The initial position deviation is 2.13 m. The blue line is the tra-

jectory of the DTC centroid.
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Simulation under different turning radii

In the actual working process of the UME, it is inevitable to make a turn. However, due to the

large volume and weight of the UME, slip and slip phenomena occur between the DTC and

the ground, resulting in a deviation between the actual turning radius and the theoretical turn-

ing radius. Therefore, this section focuses on the path tracking performance and corresponding

electromechanical characteristics of the UME path tracking system when turning on flat

ground. Here, the theoretical turning radius R is set to 8 m, 10 m, and 12 m, respectively. Fig 1

(F) shows the steering trajectory diagram. The preset trajectory is the curve ABC, where the AB

section is a straight line section, the length L is 15 m, BC is a 1/4 arc, point A is the starting

point, and point C is the endpoint. The blue line is the centroid trajectory of the DTC. The ini-

tial position deviation is 0.5 m.

Experimental verification

Based on the previous analysis results, the tracking effect of the autonomous walking system

based on fuzzy PID is verified through actual tests in this section. The experiment device is a

double-track test platform, as shown in S2 Fig of S2 File, which consists of a Real-Time Kine-

matic (RTK) positioning system, frequency inverter, NI cRIO controller, battery, computer,

and a double-track chassis. The RTK positioning system is used to obtain real-time position

information of the dual-track chassis and is powered by the battery. The function of the com-

puter is to carry the autonomous walking control program and transmit the control signal to

the cRIO controller. cRIO controller used for the lower computer is to control the frequency

inverter, and it is used to control the crawler motor. Taking into account the limitation of the

actual size of the test site and the operating capacity of the double-track test platform, this arti-

cle has made corresponding adjustments to the test path, but the shape is similar to the one in

Simulation under different turning radii Section, where the length of the straight line is 13

meters, the turning radius is 10 meters, the slope is zero degrees, the running speed is set to 0.1

m/s, and the other parameters are consistent with those in Simulation under different turning

radii Section.

Results and discussion

Analysis under different slopes

Hard ground conditions. The autonomous walking performance under hard ground

conditions is shown in Fig 2. When the running time is from 0 s to 200 s, the DTC is in the AB

straight-line autonomous walking stage. When the running time is greater than 200 s, the

DTC enters the BC curve autonomous walking stage. As far as the overshoot of the AB section

is concerned, it can be seen that the overshoot based on fuzzy PID is least affected by the slope.

On the contrary, the overshoot based on BP PID is most affected by the slope, this shows that

the fuzzy PID controller has better adaptability. As far as the straight-line running time is con-

cerned, as the slope increases, the running time becomes longer. This is mainly because the

increase in slope causes the slippage between the crawler and the ground to become serious,

which in turn leads to a decrease in the actual running speed of the DTC. As for the path devia-

tion of the BC section, as the slope increases, the path deviation changes from a positive value

to a negative value, which shows that the DTC moves from the outside to the inside of the

curve, it is also caused by the aggravated slip between the crawler and the ground. Further-

more, it can be seen that the curve path deviation based on BP PID changes significantly,

which indicates that the BP PID controller has a weaker perception of path deviation, which

may be caused by the underfitting and the slow convergence speed of the BP neural network.
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In terms of response time, the response time based on fuzzy PID and PID is relatively small,

and the response time based on BP PID is relatively long. Finally, the linear overshoot based

on fuzzy PID is the smallest, and all linear steady-state errors are similar, which shows that the

autonomous walking performance of the autonomous walking system based on fuzzy PID is

the best.

The electromechanical characteristics of the autonomous walking system based on the

fuzzy PID are shown in Fig 3. Red curves represent the left track, and green curves represent

the right track. It can be seen that as the slope increases, the motor current, voltage, and load

torque all increase to varying degrees, but the theoretical driving speed of the crawler is

reduced. The main reason is that with the increase of the slope, the load of the DTC along with

the road surface increases, resulting in the motor load torque to increase, so the theoretical

driving speed of the crawler is reduced. This causes the mechanical power of the motor to

decrease and the thermal power to increase, which is why the current and voltage is increased.

Secondly, when the running time is from 0 s to 50 s, the DTC turns right and then left. It can

be seen that the current, voltage, and load torque of the left crawler motor first increase and

then decrease, while the right crawler changes the opposite. This shows that when the DTC

turns, the load and power of the outer motor will become larger. When the running time is the

50 s to 200 s, the DTC basically maintains a straight-line driving state. At this time, the electro-

mechanical characteristics of the left and right crawlers are approximately the same. This is

because the load and the running state of both crawlers of the DTC are the same. When the

running time is greater than 200 s, DTC enters the curve tracking stage. As the slope increases,

the current difference between the left and right crawler motors does not change significantly,

the voltage difference increases, while the load torque gap decreases, which shows that the

Fig 2. Autonomous walking performance under climbing of hard ground.

https://doi.org/10.1371/journal.pone.0312096.g002
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steering of the DTC is mainly realized by the variation of voltage. At this time, relative to turn-

ing, the slope becomes the main influence of the motor load torque.

Soft ground conditions. The autonomous walking performance under soft ground condi-

tions is shown in Fig 4. When the running time is from 0 s to 210 s, the DTC is in the AB

straight-line autonomous walking stage. When the running time is greater than 210 s, the

DTC enters the BC curve autonomous walking stage. As far as the overshoot of the AB section

is concerned, it can be seen that the overshoot based on fuzzy PID is least affected by the slope.

On the contrary, the overshoot based on BP PID is most affected by the slope, which is consis-

tent with the results on hard ground. The difference is that the overshoot is increased by about

50 mm. The reason is that there is a lowering of the steering flexibility of the DTC due to the

pressure-sinkage effect of the crawler under the soft ground condition, which makes DTC

unable to adjust the driving status in time.

As far as the straight-line running time is concerned, as the slope increases, the change in

straight-line running time is consistent with the results on hard roads, and the corresponding

values become larger compared to hard roads. This is mainly because the increase in slope

causes the slippage between the crawler and the ground to become serious, coupled with the

sinkage effect of the track, which in turn leads to a decrease in the actual running speed of the

DTC. As for the path deviation of the BC section, as the slope increases, the path deviation is

basically unchanged, but the corresponding values become larger compared to hard ground,

which is caused by a lowering of the steering flexibility of the DTC. In terms of response time,

the response time based on fuzzy PID and PID is relatively small, and the response time based

on BP PID is relatively long, which may be caused by the slow convergence speed of the BP

neural network. Furthermore, the linear overshoot based on fuzzy PID is the smallest, this is

consistent with the results on hard ground, and all linear steady-state errors are similar.

The electromechanical characteristics of the autonomous walking system based on the

fuzzy PID are shown in Fig 5. Red curves represent the left track, and green curves represent

the right track. It can be seen that the motor current, voltage, and load torque all increase to

varying degrees with an increase in the slope, but the theoretical driving speed of the crawler is

Fig 3. Electromechanical characteristics under climbing of hard ground.

https://doi.org/10.1371/journal.pone.0312096.g003
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reduced. Further, the motor current, voltage, and load torque are all greater than the values

under hard ground conditions, the theoretical driving speed is lower than the value under

hard ground conditions. The main reason is that with the increase of the slope, the load of the

DTC along with the road surface increases, meanwhile, the pressure-sinkage effect of the

Fig 4. Autonomous walking performance under climbing of soft ground.

https://doi.org/10.1371/journal.pone.0312096.g004

Fig 5. Electromechanical characteristics under climbing of soft ground.

https://doi.org/10.1371/journal.pone.0312096.g005
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crawler occurs, resulting in the motor load torque to increase significantly, and then the theo-

retical driving speed is further reduced. This causes the thermal power to increase, which in

turn causes the current and voltage to increase to varying degrees. Secondly, it can be seen that

the variation of the current, voltage, and load torque with the running time is consistent with

that of hard ground. When the running time is greater than 200 s, DTC enters the curve track-

ing stage. As the slope increases, the current difference between the left and right crawler

motors does not change significantly. However, relative to hard ground, the voltage difference

and the load torque difference between the left and right tracks increase significantly. The

main reason is that the sinking phenomenon becomes serious, leading to a significant increase

in the rolling resistance of the crawler.

Analysis under different turning radii

Hard ground conditions. The autonomous walking performance under hard ground

conditions is shown in Fig 6. When the running time is from 0 s to 88 s, the DTC is in the AB

straight-line autonomous walking stage. When the running time is greater than 88 s, the DTC

enters the BC curve autonomous walking stage. As far as the overshoot of the BC section is

concerned, it can be seen that the overshoot based on fuzzy PID is least affected by the turning

radius. On the contrary, the overshoot based on BP PID is most affected by the turning radius,

which is consistent with the results in Analysis under different slopes Section. As for the path

deviation of the BC section, as the turning radius increases, the path deviation gradually

decreases. The reason is that as the turn radius increases, the curvature of the preset trajectory

becomes smaller, which causes the required steering adjustment intensity of DTC to decrease.

In this way, under the same controller, the greater the turning radius, the better the reflected

autonomous walking performance. Furthermore, it can be seen that the curve path deviation

Fig 6. Autonomous walking performance under turning of hard ground.

https://doi.org/10.1371/journal.pone.0312096.g006
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based on BP PID changes significantly, which indicates that the BP PID controller has a

weaker perception of path deviation, which may be caused by the underfitting and the slow

convergence speed of the BP neural network. In terms of curve response time, the curve

response time based on fuzzy PID and PID is relatively small, but the response time based on

BP PID is relatively long, which may be caused by the slow convergence speed of the BP neural

network. Finally, the curve steady-state deviations based on PID and fuzzy PID are the small-

est, which shows that the autonomous walking performance of the autonomous walking sys-

tem based on PID and fuzzy PID is the best under this condition.

The electromechanical characteristics of the autonomous walking system based on the

fuzzy PID are shown in Fig 7. Red curves represent the left track, and green curves represent

the right track. It can be seen that as the turning radius increases, the motor current, voltage,

load torque, and theoretical driving speed of the left crawler all decrease to varying degrees.

The result of the right crawler is the opposite. The main reason is that with the increase of the

turning radius, the power supply frequency of the left crawler motor is reduced, and the power

supply frequency of the right crawler motor is increased, resulting in a decrease in the voltage

and current of the left crawler, and therefore a reduction in the theoretical driving speed of the

left crawler motor. At the same time, due to the reduction in the running speed of the left

crawler, the dynamic load, the friction given by the ground, and the internal friction of the

crawler are reduced, which in turn reduces the load torque, while the right crawler does the

opposite.

Soft ground conditions

The path tracking performance under soft ground conditions is shown in Fig 8. When the run-

ning time is from 0 s to 92 s, the DTC is in the AB straight-line autonomous walking stage.

When the running time is greater than 92 s, the DTC enters the BC curve autonomous walking

stage. As far as the overshoot of the BC section is concerned, it can be seen that the overshoot

based on fuzzy PID is least affected by the turning radius. On the contrary, the overshoot

based on BP PID is most affected by the turning radius, which is consistent with the results in

Hard ground conditions of Analysis under different turning radii Section. The difference is

Fig 7. Electromechanical characteristics under turning of hard ground.

https://doi.org/10.1371/journal.pone.0312096.g007
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that the overshoots are greater than the results of hard ground, the reason is that there is a low-

ering of the steering flexibility of the DTC due to the pressure-sinkage effect of the crawler

under the soft ground condition, which makes DTC unable to adjust the driving status in

time.

As for the path deviation of the BC section, as the turning radius increases, the path devia-

tion gradually decreases. The reason is the same as that of the hard ground. Furthermore, it

can be seen that the curve path deviation based on BP PID changes significantly, and when the

turning radius is large, the path deviation changes more significantly, as shown in Fig 8(C),

which shows that when the turning radius is large, the tracking performance of the autono-

mous walking system based on BP PID is significantly improved with a path deviation within

0.1 m. By comparing the response time, it can be seen that the autonomous walking perfor-

mance at this time is better than the tracking performance of the other two autonomous walk-

ing systems. Therefore, when UME makes large-radius turns on soft roads, the autonomous

walking system based on the BP PID can be given priority. In terms of curve response time,

the curve response time based on fuzzy PID and PID is relatively small when the turning

radius is small, which may be caused by the slow convergence speed of the BP neural network.

The electromechanical characteristics of the autonomous walking system based on the

fuzzy PID are shown in Fig 9. Red curves represent the left track, and green curves represent

the right track. It can be seen that as the turning radius increases, the variation of the motor

current, voltage, load torque, and theoretical driving speed is consistent with the results in

hard ground conditions. Further, the motor current, voltage, and load torque of the left

crawler become larger compared to hard roads, but the theoretical driving speed is reduced.

This is mainly because there is the pressure-sinkage effect of the crawler under the soft ground

condition, which leads to a significant increase in the rolling resistance and the lateral

Fig 8. Autonomous walking performance under turning of soft ground.

https://doi.org/10.1371/journal.pone.0312096.g008
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resistance of the crawler. Therefore, the load torque of the motor is increased, and the theoreti-

cal driving speed is reduced. In the case of the same turning radius, the power supply fre-

quency of the left crawler motors is increased, which in turn increases the motor current and

voltage to varying degrees.

Fig 9. Electromechanical characteristics under turning of soft ground.

https://doi.org/10.1371/journal.pone.0312096.g009

Fig 10. Results of experimental verification.

https://doi.org/10.1371/journal.pone.0312096.g010
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Besides, relative to hard ground, the voltage difference and the load torque difference

between the left and right tracks are increased. The main reason is that the sinking phenome-

non causes a significant increase in the load torque of the left crawler and a small change in the

load torque of the right crawler. Therefore, the power supply frequency of the left crawler

motor increases significantly, and the power supply frequency of the right crawler motor

decreases significantly. Conversely, due to the significant increase in the load torque of the left

crawler, the theoretical driving speed difference of the crawlers on both sides is reduced.

Analysis of experiment

The autonomous walking test result based on fuzzy PID is shown in Fig 10. It can be seen that

the double-track test platform can finally achieve curve tracking, which verifies the feasibility

of the autonomous walking system, and the steady-state path deviation is 0.25 m, this one is

greater than the corresponding simulation value. The reason may be that the long response

time of the motor and the frequency inverter leads to the large inertia of the double-track test

platform, and secondly, due to interference in the test environment, the positioning accuracy

of the RTK positioning system decreases, which also makes the path deviation larger. During

the autonomous walking process, the variation of the motor voltage and track running speed

is consistent with the simulation result, that is, when the double-track test platform turns to

travel, the voltage and running speed of the outer track increase to varying degrees, while the

inner track is the opposite.

Conclusions

1. Under hard ground conditions, the increase in slope causes the slippage between the

crawler and the ground to become serious. As the turning radius increases, the power sup-

ply frequency of the left crawler motor is reduced, and therefore a reduction in the theoreti-

cal driving speed of the left crawler motor. Meanwhile, the dynamic load and friction is

reduced, resulting in a reduction in the load torque.

2. Under soft ground conditions, the pressure-sinkage effect of the crawler occurs, and then

the theoretical driving speed is lower than the value on hard ground. When UME makes

large-radius turns on soft roads, the autonomous walking system based on the BP PID can

be given priority with a path deviation within 0.1 m.

3. The curve response time based on BP PID is long, which may be caused by the slow conver-

gence speed of the BP neural network.

4. The feasibility of the autonomous walking system is verified by the double-track test plat-

form, and 0.25 m steady-state path deviation is greater than the corresponding simulation

value. The reason may be that the long response time of the motor and the frequency

inverter and interference in the test environment.
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